With the development of biotechnology, hepatic support by a hybrid artificial liver (HAL) using hepatocytes has been given much attention. Because the availability of human livers is limited, we have established a tightly regulated immortal human hepatocyte cell line, NKNT-3, for developing HAL. Because high-density cell culture allows the compactness of the HAL device and its easy use under emergency circumstances, we have developed cell adhesive GRGDS peptide-containing cellulose microspheres (GRGDS/CMS). The GRGDS/CMS efficiently immobilized NKNT-3 cells within 24 h in a stirred suspension culture. Electron microscopic examinations demonstrated glycogen granules and well-developed endoplasmic reticulum and mitochondria in NKNT-3 cells attached to the GRGDS/CMS. The cells showed ammonia clearance activity, whereas HepG2-transformed human liver cells did not remove the loaded ammonia. An efficient adenoviral delivery of the lacZ reporter gene was performed in GRGDS/CMS-immobilized NKNT-3 cells. In this study we present rapid immobilization of NKNT-3 immortal human hepatocytes using cellulose microspheres carrying GRGDS peptides. These microspheres satisfied immediate preparation of NKNT-3 cells in sufficient quantity and of adequate quality.
INTRODUCTION
liver failure, we have paid great attention to the highdensity culture of NKNT-3 cells. As a result, we have Increased interest has been shown in the use of a hydeveloped cellulose microspheres carrying cell-adhesive brid artificial liver (HAL) device using hepatocytes as a GRGDS peptides (GRGDS/CMS), which are well known temporary liver support in the treatment of patients with for their active cell adhesive property. In the present acute liver failure (19) . A number of actively functional work, we demonstrate the rapid functional immobilizahepatocytes are required for development of the HAL tion of immortalized human hepatocytes, NKNT-3, usdevice. However, the shortage of donor livers for hepaing GRGDS/CMS. tocyte isolation limits the use of primary human hepatocytes in HAL. Until now, porcine hepatocytes or transformed human liver cells have been used to provide MATERIALS AND METHODS hepatic function for developing HAL, resulting in the Immortalization of Human Hepatocytes fear of transmission of pathogens from the pig or tumor Human hepatocytes were immortalized with a retrocells in the unexpected event of device failure (15,16, viral vector SSR#69 expressing simian virus 40 large T 20). To overcome this problem, we focused on the use antigen, as previously reported (6). One of the immortal of immortalized human hepatocytes under tight regulaclones, NKNT-3, was used in this work. NKNT-3 cells tion. Using a retroviral vector SSR#69, a tightly reguwere cultured with Dulbecco's modified eagle medium lated immortalized human hepatocyte cell line, NKNT-(DMEM) supplemented with 10% fetal bovine serum 3, has been established (6). Intrasplenic transplantation (FBS) and 500 U/ml of penicillin-G and 500 µg/ml of NKNT-3 cells prolonged the survival of 90% of hepastreptomycin sulfate in the following stirred suspension tectomized rats (6). Because at least 15% of the normal liver mass would be required to sustain patients with culture.
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Cellulose Microspheres Carrying Cell-Adhesive scribed (12) . They were dehydrated through graded concentrations of ethanol and critical point dried using liq-GRGDS Peptides uid CO 2 . The samples were trimmed, mounted on Cell-adhesive GRGDS (Gly-Arg-Gly-Asp-Ser) pepscanning electron microscopy specimen stubs, sputtertide-carrying cellulose microspheres (GRGDS/CMS) coated with gold (2-3 nm thick), and examined under a were used as a microcarrier for NKNT-3 cells in the Hitachi S-2300 scanning electron microscope (Hitachi present study. The method of amination and subsequent Ltd., Tokyo, Japan) with an accelerating voltage of 15 derivation of epoxy-activated cellulose was applied to kV. For transmission electron microscopy, GRGSD/ fix GRGDS peptides onto CMS (10). The mean size CMS-immobilized NKNT-3 cells were fixed, first in of GRGSD/CMS was 250 µm and the wet weight of 2.5% glutaraldehyde in 0.1 M PB and then in 1.0% OsO 4 25 ml GRGSD/CMS volume was relevant to 20 g. Each in 0.1 M PB (pH 7.2). The samples were dehydrated GRGSD/CMS provided a surface area of 1.8 × 10 −3 cm 2 .
through graded concentrations of ethanol and embedded Stirred Suspension Culture of NKNT-3 Cells Using in Epon (9). Ultrathin sections of the samples were dou-GRGSD/CMS ble stained with uranyl and observed under a Hitachi H-7100 transmission electron microscope (Hitachi Ltd., Five millimeters of GRGSD/CMS were placed into a Tokyo, Japan). 50-ml microcarrier spinner flask (Bellco, Inc.) containing 30 ml of DMEM medium. After the GRGSD-CMS Ammonia Loading Test settled, the supernatant was removed and 25 ml of To test the cells for ammonia clearance ability, DMEM was added to the flask. The procedure of remov-GRGSD/CMS-immobilized NKNT-3 cells after the iniing the supernatant and adding fresh medium was retial 24 h of stirred culture were used. HepG2-transpeated three times. Then 25 ml of DMEM was added formed human liver cells were tested as a control. The followed by the addition of 10% FBS. Prior to initiating samples were washed with PBS and incubated for 6 h the culture, the pH and temperature of the culture mein Hanks' balanced salt solution (HBSS), with or withdium was adjusted at 7.2 and 37°C, respectively. out 0.56 mM ammonium sulfate, which was equivalent Cell Growth to 15.6 µg/ml ammonia nitrogen. Ammonia concentrations in the conditioned HBSS were determined using A cell suspension of 1 ml containing 2 × 10 7 NKNTan ammonia quantification kit (Fuji Co., Tokyo, Japan). 3 cells was added to the spinner flask and was stirred into the solvent at 37°C in a humidified 5% CO 2 atmo-Infection of GRGDS-Immobilized NKNT-3 Cells With a sphere. The cells were left to stand for the first 30 min Recombinant Adenovirus Vector Expressing the E. coli without stirring, stirred again at 25 rpm for 2 min, and lacZ Gene (Ad-lacZ) left to stand for another 30 min. The procedure was con-To examine the efficacy of an adenoviral gene delivtinued for 6 h and then the cells were stirred continuery to NKNT-3 cells attached to GRGDS/CMS, the cells ously at 25 rpm. The culture medium was changed once were transduced with Ad-lacZ (obtained from Riken a day by discontinuation of the spinning. Then 20 ml of Gene Bank, Ibaragi, Japan) expressing the E. coli lacZ the medium was replaced with 20 ml of fresh medium.
reporter gene under the control of a CAG promoter con-A cell growth curve was obtained by the nucleus extrusisting of cytomegalovirus IE enhancer, chicken β-actin sion method whereby the NKNT-3 cells attached to the promoter, and rabbit β-globin polyadenylation signal GRGSD/CMS were lysed in 0.1 M citric acid (17) .
(3). During the initial 24-h culture, GRGDS/CMS-Monitoring Cell Growth by Phase-Contrast immobilized NKNT-3 cells were infected with Ad-lacZ Microscopy at multiplicity of infection (MOI) 1, 5, 10, 25, and 50. Twenty-four hours after Ad-lacZ infection, samples of Representative samples of GRGSD/CMS-immobithe cells were plated to 30-mm dishes, washed twice lized NKNT-3 cells in the stirred culture were withwith PBS, fixed with 0.25% glutaraldehyde, and stained drawn at regular intervals. The cells attached to the with 0.1% 5-bromo-4-chloro-3-indolyl β-D-galactopyra-GRGSD/CMS were visualized directly by phase-connoside (X-gal). The cells expressing lacZ gene were trast microscopy.
identified using phase-contrast microscopy.
Electron Microscopic Examination

RESULTS
For scanning electron microscopy, NKNT-3 cells
Establishment of an Immortalized Human Hepatocyte attached onto GRGSD/CMS were fixed in 2.5% glutar-Cell Line aldehyde in 0.1 M phosphate buffer (PB; pH 7.2). The samples were conductive stained with 1.0% tannic acid
We have established an immortalized human hepatocyte cell line, NKNT-3, using SSR#69. The NKNT-3 and 1.0% osmium tetroxide 4 (OsO 4 ), as previously de-cells were epithelial-like, displayed the morphological Ammonia Loading Test characteristics of liver parenchymal cells, and showed
We tested for clearance of loaded ammonia by the gene expression of differentiated liver functions (6).
GRGDS-CMS-immobilized NKNT-3 cells. As shown in Figure 4 , the cells removed 4.8% of loaded ammonia Cell Growth during the 6-h incubation. In contrast, HepG2 cells The nucleus extrusion method was used to obtain a showed no ammonia clearance activity. cell growth curve. As shown in Figure 1 , the stirred cul-Infection of GRGDS-Immobilized Cells With Ad-lacZ tivation using GRGDS/CMS allowed for a high-density culture of NKNT-3 cells around 24 h after the initial To evaluate the potential of an adenoviral gene transculture, which then reached a plateau.
fer into GRGDS/CMS-immobilized NKNT-3 cells, the cells were subjected to transduction of Ad-lacZ. Nearly
Morphological Features of the NKNT-3 Cells Attached
100% of the NKNT-3 cells were stained by X-gal after to GRGSD/CMS the infection with Ad-lacZ at MOI ≥ 5 (Fig. 2F ). The samples of GRGSD/CMS-immobilized NKNT-3 DISCUSSION cells at 6, 12, and, 24 h of stirred culture were subjected to phase-contrast microscopy. NKNT-3 cells started to Primary human hepatocytes are the most suitable attach to the GRGSD/CMS from 6 to 12 h after the source for the hybrid artificial liver (HAL) device using stirred culture ( Fig. 2A, B ). They were fully attached at hepatocytes. However, they have a limited life span and the time of 24-h stirred culture (Fig. 1C) ; they then their functional activities decline rapidly after several fused, forming large aggregates (Fig. 1D ). NKNT-3 days, even with the use of currently available cultivation cells were seen to be attached to GRGSD/CMS 12 h technology. The availability of donor livers for hepatoafter the beginning of the stirred culture by electron micyte isolation is severely limited. In addition, isolation croscopical examination. Scanning electron microscopy of human liver cells from resected small pieces of liver showed the NKNT-3 cells on the surface of the GRGSD/ tissue is still difficult, thus making human hepatocytes CMS with microvillous protrusions (Fig. 3A) . Under unobtainable for HAL. As a result, isolated pig hepatotransmission electron microscopy, the NKNT-3 cells cytes or a liver cell line, C3A, clonally derived from a displayed typical hepatocellular features, including a human hepatoblastoma, have been used as the source of round nucleus, abundant rough endoplasmic reticulum, hepatic function in HAL (15, 16, 19, 20) . The advantages glycogen granules, Golgi apparatus, and well-developed of using pigs are their ready availability as a source of mitochondria (Fig. 3B) .
hepatocytes and the fact that pigs are considered to be physiologically closer to humans than other domestic animals. Potential immunologic problems with hepatocytes of different species are unlikely to be a major limitation for their short-term use in patients with ALF, but this will not be the case if they are used repeatedly, particularly in chronic liver diseases in which antibody formation will occur. Patients need to be screened for preexisting porcine antibodies, which exist in around 5% of the population (21). Because the viability of porcine hepatocytes is restricted in HAL, the HAL device would have to be frequently replenished with freshly isolated hepatocytes for continuous use. On the other hand, if human cell lines derived from liver tumors are used, the potential xenogeneic immnune response can be avoided. However, a potential risk of the use of these cells for HAL therapy is the transmission of tumor cells or tumorigenic products from the device into the patient's circulation (2, 5, 22) . For these reasons, many investigators have attempted to make a human hepatocyte cell line using SV40Tag, collagen gel sandwich culture, or coculture with rat liver epithelial cells (7, 8, 11, 13, 14) . We have previously es-The cell number of GRGSD/CMS-immobilized NKNT-3 cells tablished a tightly regulated differentiated immortal hureached a maximum around 24 h after the initial stirred culture. man hepatocyte cell line, NKNT-3, using a retroviral as DMEM could be ignored (18). NKNT-3 cells showed ammonia removal activity, whereas HepG2 cells could not remove any ammonia loaded. In this experiment HepG2 cells were used as a control, because they are very similar to the human hepatoblastoma cell line, C3A, utilized by Sussman et al. in an extracorporeal liver assist device (ELAD) (19, 20) . Although only 4.8% of the loaded ammonia was removed by GRGSD/CMSimmobilized NKNT-3 cells, it was valuable, because no studies on ammonia clearance activity of human liver cell lines have been reported to date (1) . Several improvements in terms of ammonia metabolism include an adequate oxygen supply and the use of cellulose multiporous microcarriers to prevent shear stress in stirring suspension culture (4).
In this work, we have demonstrated that GRGSD peptides efficiently immobilized NKNT-3 cells within 
